In this work, high-cycle fatigue is studied for threaded cylindrical high-strength steel samples coated using three different industrial processes: black oxidation, normal-temperature galvanization and high-temperature galvanization. The fatigue performance in air is compared with that of uncoated samples. Microstructural characterization revealed the abundant presence of small cracks in the zinc coating partially penetrating into the steel. This is consistent with the observation of multiple crack initiation sites along the thread in the galvanized samples, which led to crescent type fracture surfaces governed by circumferential growth. In contrast, the black oxidized and uncoated samples exhibited a semicircular segment type fracture surface governed by single-sided growth with a significantly longer fatigue life. Numerical fatigue life prediction based on an extended Paris-law formulation has been conducted on two different fracture cases: 2D axisymmetric multisided crack growth and 3D single-sided crack growth. The results of this upper-bound and lower-bound approach are in good agreement with experimental data and can potentially be used to predict the lifetime of bolted components.
Introduction
High-strength medium-carbon steel bolts are widely used in bolted friction grip connections. In wind turbines, high-strength bolts are applied to connect primary structural components such as tower segments, generator bases, rotor blade roots, which are typically subjected to high-and ultra-high cyclic loading regimes with expected life spans in the order of 10 6 to 10 10 loading cycles. Proprietary maintenance reports indicate that the fatigue failure of bolts resides among the most frequent causes for the catastrophic failure of wind turbines, which poses a safety hazard and has significant cost implications. The apparent fact that the predicted fatigue lifetime of bolts in wind turbines is frequently overestimated suggests that current design approaches are non-conservative and emphasize a strong demand for the development of improved modeling tools. The use of reliable and computationally efficient fatigue lifetime prediction tools is twofold: Firstly, they are highly relevant for the design of bolted connections, and secondly they serve the purpose of predicting the remaining lifetime as an essential part of inspection planning. The fatigue failure of bolted connections involves several different issues, such as understressing, overstressing, loss of pre-stress (e.g., relaxation, fretting), corrosion and hydrogen embrittlement, which makes its investigation inherently complex. One important issue concerns the detrimental effect of commercially available coating systems, in particular hot-dip galvanization (HDG), on the fatigue life of high-strength steels. The detrimental effect of HDG is deemed to be associated with temperature effects on the microstructure and the presence of cracks in the zinc coating. Interestingly, in the case of hot-dip galvanized steel sheets, opposing views were reported regarding the influence of the coating thickness on the fatigue life. Bergengren and Melander (Ref 1) found that the fatigue life decreased with increasing coating thickness, whereas Nilsson et al. (Ref 2) concluded that there was no strong correlation between the coating thickness and fatigue properties. It should be noted that the different authors investigated steel alloys, which were very different in strength, and thus, the results obtained on low-to medium-strength steels by Nilsson et Oechsner et al. (Ref 3) investigated the fatigue performance of M36 grade 10.9 high-strength steel bolts coated using black oxidization, normal-temperature HDG and high temperature HDG. These authors found that hot-dip galvanized bolts exhibited a significantly shorter fatigue life compared to the oxidized ones. Cracks in the coating were identified as the origin of premature fatigue crack initiation in their bolts (Ref 3) .
In a recent study, Schaumann and Eichstädt (Ref 4, 5) experimentally and numerically investigated the fatigue life of M36 and M64 grade 10.9 bolts used for ring-flange connections in wind turbine towers. A fatigue life diminishing effect due to HDG was found, and the authors concluded that the S-N curves stipulated in EN1993-1-9 (Ref 6) were safe but rather conservative. Schaumann and Eichstädt (Ref 4, 5) used stress analysis of an axisymmetric finite element model together with a method denoted as the local notch strain approach in order to predict the crack initiation lifetime of the entire bolt-nut assembly. According to Schneider (Ref 7) , in the local notch strain approach, a governing strain amplitude can be calculated based on the cyclic Ramberg-Osgood stress-strain curve formulation as a function of a static and dynamic hardening exponent.
The local notch strain approach is strictly speaking only applicable for the crack initiation phase with small cracks. To allow investigations of the crack size effect, a fracture-based analysis approach is adopted in the present work. In this approach, the presence of small cracks prior to initial loading is assumed. This assumption is in agreement with scanning electron microscopy (SEM) observations of the thread root surface. Application of numerical fracture analysis to an extended version of the Paris-law allows for the investigation of spatial and temporal (in terms of lifetime) evolutions of crack growth and also for long range cracks until failure.
The purpose of the present work is to identify two limiting fracture modes, which represent an upper bound and a lower bound to the fatigue life of high-strength bolts, and which can be used to estimate the remaining lifetime of bolted connections. Application of the aforementioned method for different stress amplitudes is used in this work to numerically predict S-N curves in order to investigate the impact of different coating processes and the coating thickness on the fatigue life of threaded cylindrical steel samples. These samples are considered to be model bolts in the present work. The numerical results are validated against uniaxial constant amplitude fatigue test data obtained on thread-notched samples coated using three different industrial coating processes. The reason for the use of notched samples is to exclude effects originating from complex bolt-to-nut interactions. This simplification allows the strain to be localized in the thread notch, which facilitates strain measurements and the investigation of the effect of different coatings on the fatigue failure mode. Analytical fracture-based solutions are used here to corroborate the root cause of the observed crack spacing in the zinc coating, as well as the effect of the coating thickness on the endurance limit.
Experimental Procedure

As-Received Material
All samples described in this paper were produced from commercially available M20 9 280 grade 10.9 black oxidized high-strength bolts with the following main alloying elements: 0.35C-0.78Mn-0.18Si-0.17Cr (wt.%), as measured using optical emission spectroscopy. Tensile tests conducted on dogboneshaped specimens machined from the bolts indicated that the mean 0.2% proof stress and the mean ultimate strength were 1060 and 1110 MPa, respectively. These values were, respectively, $ 18 and $ 11% higher than the values specified by the manufacturer for the 10.9 grade bolts (see Table 1 ). 
Machining and Coating
To ensure that failure during fatigue tests occurs in the designated gauge section, a thread was milled into the 210-mmlong shank at mid-length using a 5-axis computer numerical control milling machine. The thread consisted of a half turn lead-in followed by a full turn and a half turn run-out (Fig. 1 ).
An example of the as-machined (AM) specimens with uncoated threads is shown in Fig. 1(a) . Twenty such specimens were industrially coated using three different coating procedures: (1) HDG at a conventional normal-temperature (NTG samples); (2) HDG at a high temperature (HTG samples); and (3) black oxidation (BO samples), see Fig. 1(b), (c), and (d) . The exact processing details of each coating procedure were not disclosed to the authors. Based on the literature data, it is considered that the bath temperature was approximately 450°C in the NTG process and in the range of 560 to 630°C in the HTG process. The processing temperature for the BO samples is deemed to be approximately 180°C.
Fatigue Testing
Fatigue testing was conducted using a servo-hydraulic uniaxial Instron 88R8033 machine having an Instron H0310-UK 004 load cell with a capacity of 250 kN, see Fig. 2(a) . Three specimens were tested for each type of the coated samples, while six specimens were tested for the AM series. Each specimen was held by two hydraulic grips on either side (see Fig. 2a ), and the strain was measured using two clip extensometers along a gauge length of 10 mm across the threaded notch. The extensometers were positioned in such a way that the left hand side extensometer measured the displacement across two notches, while the right hand side extensometer measured the displacement across a single notch (Fig. 2b) . The turning points of the load and strain signals were recorded.
Prior to fatigue testing, the specimens were pre-loaded in tension to the nominal bolt pre-stress of r m = 0.7 r y (Table 1) as stipulated in Ref 8, 9 . A harmonic constant amplitude fatigue load was subsequently applied in force control at 20 Hz until fracture. The nominal stress amplitude applied in this work was chosen to be 90 MPa, which was close to the endurance limit of the notched BO specimens tested by Oechsner et al. 
Hardness Measurements
One untested specimen from each series was sectioned along the longitudinal axis and mechanically polished. Vickers hardness (HV) was measured in this polished section using a Table 1 Effective cross-sectional area A eff , parameters of strength specified by the manufacturer, and the stress values adopted for the fatigue tests Struers DuraScan tester along 19 lines spaced at a distance of $ 1 mm. For each line, fifteen individual measurements were performed using a load of 3 kg and a dwell time of 15 s. Additionally, HV measurements were performed in the thread root after the crest and the flank were ground. For these measurements a load of 2 kg was applied perpendicular to the root surface. The galvanized samples were ground to reach the steel surface in the thread root.
Microscopy
The longitudinal section of the samples was mechanically polished and then investigated in a Zeiss Supra 35 scanning electron microscope using a secondary electron detector. Images of the fracture surface after fatigue testing were taken using a high-resolution digital camera (see section 5.3).
Numerical Fracture Analysis
All finite element (FE) calculations were performed using the commercially available software Abaqus CAE (Ref 10) . The geometry of the FE model of the samples used in this work is depicted in Fig. 3 . Three different FE models were created: an exact 3D model of the specimen with a thread notch (Fig. 4a ), a 3D model with a single circumferential notch (Fig. 4b) , and an axisymmetric model (Fig. 4c ) which corresponds to the 3D model with the circumferential notch.
3D Model with a Threaded Notch
The thread geometry of the exact model was created in SOLIDWORKS 3D CAD (Ref 11) and subsequently imported into Abaqus CAE. In order to extract stresses along predefined paths, the bolt model was partitioned at several locations.
For the sake of computational efficiency, preliminary studies were conducted to determine a minimum bolt length in order to avoid boundary effect interference in the area of interest. This minimum length was found to be 50 mm. The exact 3D model was discretized with 10 6 eight-node linear brick elements with reduced integration and hourglass control (Abaqus element type C3D8R) and 7.3 9 10 5 ten-node quadratic tetrahedron elements (Abaqus element type C3D10). Thus, the total number of elements was approximately 2 9 10 6 . The characteristic element length was 2.5 9 10 À2 mm. Isotropic, homogeneous, linear elastic-material properties for steel were assigned to all models with E s = 210 GPa and m = 0.3. The adopted elasticity parameters for the zinc coating were E c = 108 GPa and m = 0.25, respectively.
For the stress analysis of the exact 3D model, a linear perturbation solver was applied. All FE models were loaded in force control along the bolts axis (Y-direction in Fig. 3 ) through a master node located in the center associated with a multipoint constraint applied to the upper surface. In each model, the degrees of freedom of the lower surface were constrained in the Y-direction without restraining lateral deformation with additional constraints avoiding rigid body motions.
3D Model with Single Circumferential Notch
Our preliminary numerical analysis revealed that the stress levels and stress distribution in the threaded-notch model closely matched those predicted for the circumferential notch model. Therefore, the 3D circumferential notch model was used for numerical fracture analysis, which allowed a higher mesh quality due to the symmetric geometry, as opposed to the threaded notch model. The 3D model was discretized with Abaqus C3D8R elements. This element type supports the Virtual Crack Closure Technique (VCCT) (Ref 12) used to compute the Strain Energy Release Rate (SERR) for different crack stages.
The upper and lower halves were modeled separately and connected via tie constraints, as shown in Fig. 4(b) . Surfaceto-surface, hard, frictionless contact conditions were assigned to the interface, defined as the crack plane, to avoid interpenetration of the crack flanks. The crack plane was located in the notch root with its outward normal aligned with the loading axis. Cracks with linear and parallel crack fronts (see Fig. 5a ) were simulated by disconnecting the corresponding nodes of the crack faces by limiting the bonding to a subset of nodes. The model was consecutively solved for different crack lengths, i.e., intermediate crack stages of Da = 0.1 mm with an initial crack length of 1.25 9 10 À2 mm and a final crack length of 12 mm corresponding to a c . The geometry was discretized with an element length ranging between 0.025 and 0.125 mm. The model had a total number of 1.2 9 10 6 elements, where a Newton-Raphson solver was adopted for fracture analysis.
Axisymmetric Model
Figure 4(c) shows the axisymmetric model constructed with three different zinc coating layer thicknesses: 30, 60 and 90 lm. The geometries were discretized with approximately 9 9 10 5 four-node bilinear axisymmetric elements with reduced integration and hourglass control (Abaqus type CGAX4R) with a characteristic element length of 2.5 9 10
À3 mm. The model was solved for intermediate crack stages of Da = 0.1 mm with a final crack length of 5 mm. Loading, boundary conditions, mesh refinement and solver were identical to those described in sections 3.1 and 3.2. 
The crack opening function f (R) proposed by Newman (Ref 15) considers crack closure and can be written for R ! 0 as follows:
with the coefficients defined as follows:
The threshold stress intensity factor (SIF) range for R ! 0 was considered as follows:
is used to convert the SERR values obtained through VCCT into corresponding SIFs assuming plane strain conditions. Subsequently, Eq 10 is used to obtain the SIF range for every single crack stage.
The fatigue lifetime was obtained by numerical integration of Eq 1 using the trapezoidal rule for uniform spacing as follows:
The initial crack length a ini = 15 lm was chosen according to the average crack length in the steel substrate measured in the SEM images. It is assumed that the initial crack length is below a size that remains undetected by typical on-site inspection methods. The critical crack length a c was obtained by satisfying the condition K max = K c .
Since the literature search did not result in finding the specific fracture and fatigue parameters of the bolt material, for fatigue life predictions, these parameters were taken for a material with the closest match of the yield strength, namely ASTM A400 steel (see Table 2 ), selected from the NASGRO database (Ref 16) . It should be mentioned that the parameters were not calibrated against the test data in the numerical analysis. The simulation of fatigue crack growth was divided into two different modeling approaches representing an upper-and lower-bound approximation for the fatigue lifetime. The first approach depicted in Fig. 5(a) is denoted as single-sided crack growth and assumes that fatigue cracks propagate upwards along the y-direction with parallel crack fronts. The second approach depicted in Fig. 5(b) is denoted as multisided crack growth and assumes that fatigue cracks propagate in the radial direction with concentric crack fronts. For singlesided fatigue crack growth simulation, the locally weighted scatter plot LOWESS in Matlab (Ref 17) was used to fit a smooth surface to the nodal K max (x, y) values obtained from Eq 9 associated with the different crack stages. The DK(x, y) surface was consequently obtained in a similar way through scaling of the K max (x, y) values according to Eq 10. The crack fronts were divided into n x = 101 crack paths, and every Da was divided into n y = 20 intervals. The number of cycles to failure N i for every integration path was computed using Eq 11 by the numerical integration tool available in Matlab ( Ref 17) . Figure 6 shows the integration path scheme. The total number of cycles to failure N tot of the single-sided growth case was computed using Eq 12.
where N 1 is associated with the integration path along the y-axis.
In the case of multisided crack growth simulation, a procedure similar to that adopted for the single-sided approach was used. However, a third-order spline was used instead of a surface to fit the nodal K max values of the different crack stages obtained by VCCT applied to the axisymmetric model. Due to the 2.5D nature of the axisymmetric model only one integration path was necessary to compute the number of cycles to failure.
Analytical Investigation of Crack Spacing and Endurance Limit
Owing to the mismatch of the thermal coefficients of expansion between the zinc coating and steel substrate, thermal strains and stresses are induced into the coating during cooling (Ref 18) . Assuming a rigid thick substrate, the strain in the coating can be written as follows:
For a thin zinc film coating, it can reasonably be assumed that the strains in the coating are uniform through the thickness and that the contraction of the zinc coating has no significant effect on the substrate. Figure 7 (b) depicts the tensile strain and stress direction in the coating layer. Since the coating is free to shrink in the thickness direction, plane stress conditions can be assumed such that r 33 = r 31 = r 23 = 0. The thermally induced stress state is governed by biaxial tension r 11 = r 22 and r 12 = 0. The equi-biaxial thermal stress component can consequently be written as follows:
Upon solidification intermetallic phases are formed inside the zinc coating, where the d phase is the most brittle one and closest to the substrate (Ref 1, 2, 18 ). It is generally accepted that r T induces a periodic arrangement of surface cracks in the coating layer as schematically depicted in Fig. 7(a) . For simplicity, the properties of commercially pure zinc were adopted in the present work for the entire coating during simulations.
The literature provides several closed form solutions for periodic crack arrays initiating from the surface. Such surface crack models can be used to grossly estimate the fracture toughness of the zinc coating based on the measured crack spacing l c and coating thickness t c (see Fig. 7a and b) . According to Hutchinson and Suo (Ref 19) , the steady state SIF of a periodic array of single edge cracks in a mono-material coating layer can be written as:
for l c ! 8t c and r T r u ðEq 15Þ
According to Thouless (Ref 20) , Eq 15 represents the initiation criterion for cracks with non-interacting near-tip stress fields for a stage where the crack tips still remain in the zinc layer remote from the interface. A further increase in the tensile stress induces new cracks in between the existing cracks. Thouless (Ref 20) proposes an expression for a critical SIF which considers mutual screening of the near-tip stress fields as follows: 
In order to qualitatively investigate the effect of the coating thickness on the circumferential crack growth, it is assumed that there is an initial predominant crack which penetrates into the substrate, as depicted in Fig. 7(c) and (d) . The bi-material (steel/coating in the present case) problem can be simplified into a mono-material problem by converting the thickness of the zinc coating into an equivalent steel thickness using a conversion factor g, upon which the corresponding equivalent crack length a e and effective radius r e can be calculated as follows: 
Experimental Results
SEM Characterization of Coatings
SEM images showing the coated threads in the longitudinal section are presented in Fig. 8 . The thickness of the black oxide layer is less than 2 lm and, therefore, it can hardly be distinguished in Fig. 8(a) and (b) . In contrast, the coatings produced during galvanization are much thicker (see Fig. 8c, d , e, and f). The coating thickness in the thread of the NTG sample is between 60 and 70 lm. Furthermore, the thread of this sample is half-filled with redundant solidified zinc, which contains coarse pores. The total thickness of the coating and the redundant zinc layer in this thread is 0.7 mm. A closer inspection reveals that the coating in the NTG sample contains multiple cracks (see Fig. 8d ). The coating thickness of the HTG sample is slightly larger, 80 to 100 lm, than that of the NTG sample. However, there is no redundant zinc retained in the thread due to a higher coating temperature, which lowers the zinc viscosity, thus allowing it to flow off more easily. Nevertheless, this coating also contains cracks (see Fig. 8e and f). Some of these cracks propagate into the steel over a distance of 5 lm to 15 lm (Fig. 9 ).
Vickers Hardness
Vickers hardness of the AM sample and the coated samples is shown in Fig. 10 along the normalized distance from the surface. The green area in this figure corresponds to the standard range, 320 to 380 HV, for grade 10.9 bolts as specified by the manufacturer. It is seen that the AM sample is characterized by the highest level of hardness. The hardness is slightly lower in the BO and NTG samples. Except for one data point in the NTG sample, the AM, BO and NTG lines are well within the standard range for the 10.9 grade bolts. However, the HTG sample is much softer than any other sample and its hardness is lower than the minimum hardness specified by the bolt manufacturer for the 10.9 grade. It is also apparent that in each sample, the hardness tends to be slightly lower near the center and higher at the surface.
Fatigue Data
As is evident from Fig. 11 , each of the three coating processes results in a reduced fatigue life compared to the AM sample, with the greatest reduction seen for the galvanized samples. The average fatigue life of the NTG, HTG and BO samples corresponds to 24, 36 and 78%, respectively, of the average fatigue life of the AM sample. Inspection of the fracture surface of the fatigue-tested specimens (Fig. 12 ) reveals substantial differences between the different samples. Ratcheting marks are much more pronounced in the NTG sample than the marks in any other sample. In addition, light and dark areas can be distinguished on the fracture surfaces in this figure, where the light areas correspond to zones of fatigue crack initiation and growth, while the dark areas correspond to zones of fast fracture. It is apparent that the light areas resemble a half moon in the AM and BO samples (Fig. 12a and b) , whereas a crescent moon pattern is seen in the galvanized samples ( Fig. 12c and d) .
Whether the crack surface resembles a half moon or a crescent moon can directly be inferred from the strain histories. Figure 13 shows the envelopes of the strain history turning points measured on both sides of the tested samples. For the majority of the samples, the initial maximum strain levels are higher on the left hand side, where the two notches provide a higher compliance. This is consistent with the numerical results Fig. 10 Vickers hardness for the AM sample and three coated samples measured along the normalized distance, where 0 and 1 correspond to the surface and center of the sample, respectively. For each data set, the first data point was obtained after grinding the thread to the root surface and by measuring HV in the thread root perpendicular to the root surface. The other data points were obtained in the polished longitudinal section of the samples (Color figure online) of the 3D model with the threaded notch. The turning point envelopes of the strain history in Fig. 13 represent two distinct fracture behaviors observed for the different samples. Figure 13(a) shows that the fatigue crack initiated near the single notch (right hand side in Fig. 3 ). The crack propagation was single-sided and the crack grew toward the side with two notches (left hand side in Fig. 3 ). As the crack propagates, the strain on the single-notch side increases. Consequently, the strain levels on the two-notch side decrease due to bending effects. The strain level continues to decrease until it reaches a local minimum, after which it rapidly increases until fracture. Figure 13 (b) shows a rather different behavior, inasmuch at least two cracks develop on either side, as the difference between the maximum and minimum strains progressively increases. The NTG specimens typically showed a similar increase in strain on both sides, similar to that in Fig. 13(b) , whereas the AM and BO specimens showed a strain history similar to that in Fig. 13(a) . The HTG specimens showed an intermediate case between the two strain histories, presented in Fig. 13. 
Modeling Results
3D Model with Threaded Notch
The numerical simulation of the 3D model with a threaded notch for the maximum load predicts the highest stress concentrations in the notch root along the perimeter of the full thread turn as shown in Fig. 14 . It is seen that the stress S yy along the thread reaches its maximum at half of the perimeter length and decreases toward the thread run-out. The predicted location of the maximum stress coincides with crack initiation locations typically observed in the experiment. Figure 14 shows that the stress state along the thread notch radius is multiaxial with S xx , S zz and S xz components following a periodic distribution. The numerically predicted notch stress concentration factor (SCF) for the S yy component is 4.6, which agrees with the theoretical SCF k 27) . Figure 15 compares normalized von Mises stress distributions for the axisymmetric model and the 3D model with the threaded notch under maximum load. Stress paths are taken in the cross sections at different locations along the longitudinal bolt axis. Figure 15 demonstrates agreement between the two models, which justifies the use of the axisymmetric model for fracture analysis. The stress distribution along the notch root in Fig. 15 suggests that a local plastic zone with an estimated inplane size of 0.5 9 0.7 mm has formed in front of the notch radius under nominally elastic loading conditions. Figure 16 shows a contour plot of the K max surface obtained from single-sided growth analysis. The gradient in the ydirection parallel to the crack front is rather small in the center and rapidly increases toward the boundary defined as the circular outer perimeter of the notch. The close spacing between the dashed lines indicates that the gradient in the crack propagation direction is significant for small crack lengths a. The gradient decreases toward the center before it rapidly increases close to the critical crack length where fracture occurs. The SIF distribution for the axisymmetric case is qualitatively similar to the polynomial expression given by Eq 22 and is therefore not shown here. Figure 17 shows simulated S-N data for the two fatigue crack growth cases presented in Fig. 5 along with the experimental results. Different solid lines in Fig. 17 correspond to the three coating thicknesses considered in the axisymmetric simulations, whereas the dashed line corresponds to the single-sided crack growth case. For the applied stress amplitude of 90 MPa, the single-sided fatigue growth case overpredicts the fatigue life of the AM sample by 23%. Conversely, the axisymmetric cases with 30, 60 and 90 lm coating thickness underpredict the fatigue life of the NTG sample by 25, 28 and 39%, respectively. Table 3 The critical crack length of the different fatigue growth cases can be identified by inspection of the fracture surfaces shown in Fig. 12 . The critical crack length a c is defined here as the distance measured in the radial direction between the threaded edge and the onset of the fast fracture surface. The Fig. 11 Numbers of cycles to failure for the different samples tested in the present experiment. Three specimens were tested for each coated-sample series, while six specimens were tested for the AM sample critical crack length predicted with the single-sided growth model was a c = 11 mm, which is in reasonable agreement with Fig. 12(a) and (b) . The critical crack length predicted with the axisymmetric growth model was a c = 4.6 mm, which is in reasonable agreement with Fig. 12 (c).
Analysis of Cracks
Substitution of T sol = 418°C for zinc and the two coefficients of thermal expansion a s ¼ 10:5 Â 10 À6 C À1 and a c ¼ 35 Â 10 À6 C À1 for steel and zinc, respectively, into Eq 14 yields a theoretical tensile stress magnitude of approximately 860 MPa. This stress magnitude significantly exceeds the ultimate tensile strength of zinc which is about r u = 150 MPa indicating a high likelihood of crack formation upon cooling.
The SEM analysis revealed that the average crack spacing l c in the NTG sample was 100 lm, whereas for the HTG sample, the crack spacing l c was 80 lm. Calculation of the elastic mismatch factor proposed by Dundurs (Ref 29) for the present case yields a = (E c À E s )/(E c + E s ) = À 0.36, which gives g a; b
ð Þ % 1. Since the thermal stresses cannot exceed the tensile strength of zinc, r T ¼ r u was used in Eq 15-18. Figure 18 is a so-called Kitagawa diagram, which shows the effect of the coating thickness on the endurance limit according to Eq 25 for the same geometry parameters and material parameters used for the axisymmetric simulations. It shows that the endurance limit decreases when the coating thickness increases, which is consistent with Fig. 17 . The solution for a ini = 0 approaches the endurance limit stress range Dr/Dr e = 1 when the coating thickness approaches zero. Conversely, all solutions converge toward the asymptote given by Eq 26 for increasing coating thickness as well as for increasing initial crack size. Inspection of Eq 25 shows that a variation of the coating stiffness has the same effect, inasmuch as a decrease in the coating stiffness relative to that of the bolt material decreases the endurance limit knockdown. From this, it can also be inferred that the coating thickness has a strong influence on stage-1 growth of the Parislaw regime (Eq 1), which significantly affects the total lifetime.
Discussion
It is important to emphasize that the model bolt geometry applied in the present work deviated from the standard bolt geometry. Additionally, the threaded notch in the samples was machined, which is in contrast to the more commonly adopted rolled threads. These factors may have some influence on the fatigue performance of the particular samples as compared to ) contour plot as a function of the crack length and the transverse y-direction (see Fig. 6 ). Only one half of the surface is depicted because of the symmetry. The surface ends at the critical crack length where the maximum SIF value reaches K c commercially available bolts. The present study, however, is not intended for comparison with a particular bolt type, but aims at studying the effect of different coatings through a combination of experiments and numerical analysis. It is significant that all the samples were machined identically, and the only variable in their processing was the coating technique. Our fatigue test results for these samples show that HDG considerably reduces the fatigue lifetime in air by up to 75% compared to the AM samples. In contrast, the BO coating process has only a little effect on the fatigue life. It is found that the performance of the HTG sample is slightly better than that of the NTG sample (see Fig. 11 ), which is different from the results presented by Oechsner et al. (Ref 3) for the notched specimens. However, our findings are consistent with those presented in Ref 3 for M36 HTG and NTG bolts. It is interesting that the better fatigue performance of the HTG sample, as compared to the NTG sample, is observed despite the HTG material is considerably softer than the NTG material (Fig. 10) . The latter is apparently caused by the higher galvanization temperature for the HTG sample, which can facilitate more structural recovery along with microstructural coarsening (Ref 30, 31 ), leading to significant softening.
According to Eq 27 presented by Garwood et al. (Ref 32) , a material with lower hardness and strength is expected to demonstrate a shorter fatigue life, which is not the case in the present experiment. r e ¼ 1:6 HV AE 0:1 HV for HV 400 ðEq 27Þ
Therefore, it appears that the difference in hardness alone is not sufficient to predict which coated sample will exhibit better fatigue performance. It is suggested that finely spaced cracks originating due to cooling-induced stresses after HDG can be the main reason for a reduced fatigue life of hot-dip galvanized steels (Ref 1, 3) .
A number of small ( £ 15 lm) thread root cracks were also observed in the steel substrate of the HTG sample (Fig. 9) . These cracks were probably produced due to strain-age embrittlement when high stress areas, such as those in the thread root, were exposed to high temperatures during galvanization. The estimated SIFs listed in Table 4 The presence of coarser cracks in the coating may have assisted the process of cracking in the steel substrate. According to Tullock et al (Ref 33) , the competition between crack deflection and penetration at a bi-material interface is governed by the ratio of the interface toughness to that of the substrate. The analysis of It should be noted that the presence of cracks in the steel substrate due to HDG may have affected the toughness of the steel surface in such a way that crack penetration in the thread root becomes feasible. Our observations of cracks in the steel substrate are consistent with the previous reports for a number of different steels (Ref 1-3, 34] .
The fracture surface of the AM and BO samples shown in Fig. 12(a) and (b) exhibit a single-sided fatigue growth with a fairly uniform propagation from one side to the opposite side. This case is governed by the macrostress distribution with an initiation and growth pattern that follows a low frequency of surface cracks. On the other hand, for the galvanized samples in Fig. 12(c) and (d) , fatigue growth occurred along the entire perimeter with radial propagation. In this case, strong singularities are distributed all over the thread, resulting in multiple crack initiation locations and are largely independent of the macrostress distribution governed by the thread notch geometry.
Comparing Fig. 12 (a) and (b) with Fig. 19(a) , it is evident that fracture surfaces of the AM and BO samples correspond to a mild stress concentration pattern as would be expected in a rounded defect-free notch according to Millela (Ref 35) . In contrast, the fracture surface of the galvanized samples ( Fig. 12c and d) resembles the pattern depicted in Fig. 19(a) for a case of severe stress concentrations. The latter is attributed to the presence of multiple cracks in the coating and, for the HTG sample, also in the steel substrate. Therefore, it is suggested that Fig. 17 , showing single-sided growth, represents an upper bound for the fatigue life of the tested samples, whereas the axisymmetric case represents a lower bound for the fatigue life. The latter is considered to represent a worst-case scenario. Table 3 shows that the slopes in the S-N diagram are Fig. 18 Kitagawa diagram for a normalized stress range as a function of the cracked coating for different initial crack sizes; the dashdotted line represents the asymptote for both zero initial crack size and zero coating thickness; the dashed line represents the asymptote for large cracks Fig. 19 Schematic illustrations of beach mark patterns observed on the fracture surface after fatigue failure: (a) due to mild stress concentrations; (b) due to severe stress concentrations; adapted from Refalmost identical for all the cases analyzed in the present work. However, both the intercepts and the estimated endurance limits are significantly lower in the axisymmetric growth case, as compared to the single-sided growth case. Our analytical data suggest that the extent of fatigue life reduction due to galvanization is a function of the coating thickness and deemed to also depend on the number density of cracks in the coating. Our SEM inspection did not reveal significant differences in the number density of cracks between the NTG and HTG samples. Therefore, the shorter fatigue life of the NTG sample can be explained by the larger thickness of the retained zinc and porosity.
A comparison of the axisymmetric cases in Fig. 17 shows that the fatigue life decreases with increasing coating thickness. This effect can be explained using linear elastic fracture mechanics under the assumption of small scale yielding, where the strain energy stored in the coating layer contributes to the SIF in the crack tip. The Kitagawa diagram in Fig. 18 indicates a progressive nonlinear decrease in the fatigue threshold range with increasing coating thickness. The endurance limit knockdown is also a nonlinear function of the initial crack size whose influence decreases with increasing a ini . This behavior is in agreement with experimental observations of Bergengren and Melander (Ref 1), who reported a strong correlation between the coating thickness of hot-dip galvanized high-strength steel and its fatigue performance.
It is important that the model described in the present work is not restricted to the coating systems considered here, but is applicable to other systems as well. It therefore provides a useful tool to predict S-N curves of materials coated or surface treated using different processes. The model can potentially be extended to include effects of corrosive environments.
Conclusions
High-cycle fatigue of threaded cylindrical high-strength steel samples coated using either black oxidation, normaltemperature galvanization and high-temperature galvanization has been studied at a nominal stress amplitude of 90 MPa in air and compared with that of uncoated samples. Based on experimental fatigue tests, microstructural examinations and numerical fatigue life predictions, the following conclusions are drawn:
1. The fatigue performance of the HTG sample is slightly better than that of the NTG sample. The fatigue lifetime of each type of the hot-dip galvanized samples is considerably shorter than the lifetime of uncoated and black oxidized samples. 2. Cracks in the zinc coating are most likely caused by thermal effects during cooling and act as stress raisers, which can facilitate crack initiation in the steel. The presence of such cracks in the NTG and HTG samples caused a circumferential distribution of multiple crack initiation sites, which ultimately resulted in a crescent type fracture surface during fatigue tests. Conversely, the AM and BO samples exhibited a semicircular fracture surface with fewer crack initiation sites. 3. The SIF in near-surface cracks is increased by the coating layer. The SIF is strongly affected by both the layer thickness and the ratio of the elastic moduli of the coating and the steel. It is shown analytically that the endurance limit decreases with increasing layer thickness. 4. The fatigue life of the NTG and HTG samples can be reasonably well predicted using the lower-bound assumption of circumferential crack growth. The fatigue life of the AM and BO samples can be predicted using an upper-bound assumption of single-sided crack growth.
